In many diploid species the sex chromosomes play a special role in mediating reproductive 2 isolation. In haplodiploids (i.e., females are diploid and males haploid), the whole genome 3 behaves similar to the X/Z chromosomes of diploids, and thus haplodiploid systems can serve 4 as a model for the role of sex chromosomes in speciation and hybridization. A previously 5 described population of Finnish Formica wood ants displays genome-wide signs of ploidally 6 and sexually antagonistic selection resulting from hybridization. Here, hybrid diploid females 7 have increased survivorship but hybrid haploid males are inviable. In order to understand how 8 this unusual natural population may sustain this antagonistic selection for hybrid status, we 9 developed a mathematical model with hybrid incompatibility, female heterozygote advantage, 10 1 recombination, and assortative mating. The rugged fitness landscape resulting from the 11 conflict between heterozygote advantage and hybrid incompatibility results in sexual conflict 12 in haplodiploids, which is absent in diploids. Thus, whereas heterozygote advantage always 13 promotes long-term polymorphism in diploids, we find various outcomes in haplodiploids 14 in which the conflict can be resolved either in favor of males, females, or via maximizing 15 the number of introgressed individuals. We fit our model to data from the Finnish wood 16 ant population in order to discuss its potential long-term fate. We highlight the general 17 implications of our results for speciation and hybridization in haplodiploids versus diploids, 18 and how such fitness conflicts could contribute to the outstanding role of sex chromosomes 19 as hotspots of sexual conflict and genes involved in speciation.
for diploid species. Figure 1 : Three-dimensional fitness landscapes for the (a) diploid and (b) haploid genotypes. Panel a) corresponds to females in the haplodiploid model and all individuals in the diploid model. Individuals heterozygous at both loci (heterozygous hybrids) reside on a high fitness ridge (in white), whereas individuals homozygous at both loci (homozygous hybrids) suffer from reduced fitness due to negative epistasis. Panel b) shows the fitness landscape for haploid individuals (i.e. males) in the haplodiploid model. This landscape is identical to a transect from Panel a) for genotypes homozygous at both loci.
In the haplodiploid genetic system, males possess only one copy of each locus so they cannot 137 be heterozygous and, thus, cannot experience heterozygote advantage ( Fig. 1(b) ). Therefore, 138 a fitness scheme with heterozygote advantage and recessive incompatibilities expresses itself 139 as a sexual conflict in haplodiploids.
140
In our model, selection for heterozygous individuals is multiplicative with respect to 141 the number of heterozygous loci: introgressed individuals with one heterozygous locus have 142 fitness 1 + σ, whereas heterozygous hybrid individuals are heterozygous at both loci and 143 have survivorship (1 + σ) 2 ( Fig. 1(a) ). queens collected had been inseminated by males of the same genetic group, indicating that than 10 −8 (or stopped after 10 5 generations without convergence). ulation, we estimated the different genotype frequencies of parental F. polyctena-like and 177 F. aquilonia-like individuals at pre-selection and post-selection life stages for males and fe-178 males ( Fig. S1(a) ). We did not estimate the frequencies of introgressed or hybrid individuals.
179
We used the genotype frequencies at different life-stages estimated in Kulmuni and Pamilo 180 (2014) from nine microsatellite loci. For males, eggs were used to estimate pre-selection 181 frequencies; the sum of adults and reproductive fathers was used to estimate post-selection 182 frequencies. For females, eggs were used for pre-selection frequencies and the sum of young 183 and old queens was used for post-selection frequencies. We used two different estimates for 184 the number of parental females: individuals with exactly zero loci heterozygous for an intro-185 gressed allele, and individuals with one or more loci homozygous for the parental allele (i.e.,
186
the "diagnostic allele" in Kulmuni and Pamilo, 2014) . In order to make these data comparable 187 to our model, we rescaled the genotype frequencies such that 10.3% of the population is from (Table S1 ). Assuming that 191 the natural population is at equilibrium, we fit the data (Table S2) There are 2 external locally stable equilibria, each corresponding to the fixation of a parental population haplotype. (Here, σ = 0.02, γ 1 = 0.9, γ 2 = 0.11, ρ = 0.5, and α = 0.) Panel (b) represents a single-locus polymorphism. Only one locus is polymorphic, leading to the maintenance of the weaker of the two incompatibilities (the A − B + interaction). (Here, σ = 0.009, γ 1 = 0.11, γ 2 = 0.002, ρ = 0.5, and α = 0.) Panel (c) corresponds to asymmetric coexistence. Two internal equilibria are locally stable, with one allele close to fixation. This scenario minimize the expression of the strongest interaction A + B − . (Here, σ = 0.03, γ 1 = 0.11, γ 2 = 0.0013, ρ = 0.5, and α = 0.) Panel (d) shows symmetric coexistence. Frequencies of alleles A − and B − are symmetric around 0.5, with p B + = 1 − p A + . This scenario maximizes the formation of female heterozygous hybrids. (Here, σ = 0.09, γ 1 = 0.3, γ 2 = 10 −4 , ρ = 0.5, and α = 0.) of the two parental populations, either P + or P − , and the other parental population being 217 therefore excluded. It occurs when both alleles from one of the founder subpopulations are 218 purged, leading to a monomorphic stable state of the population (Fig. 2(a) ). In this case, the 219 initial frequency of A + B + versus A − B − individuals mainly determines the outcome (i.e., the 220 population is swamped by the majority subpopulation). As a rule of thumb, this outcome 221 is observed when recombination is frequent and when the hybridization-averse force of neg-222 ative epistasis is strong as compared with the hybridization-favoring heterozygote advantage Single-locus polymorphism is never stable in the diploid model because it can always be 245 invaded by the asymmetric coexistence scenario described below. In a diploid population 246 transiently at single-locus polymorphism, a rare mutant at the second locus will always begin 247 as heterozygote and therefore reap the advantage of being a heterozygote hybrid long before 248 it suffers the epistatic cost of being a homozygote hybrid.
this case may resemble that in the natural ant population, in which most hybrid males do 289 not survive to reproduce. For the haplodiploid model, we obtain a full analytic solution 290 of the identity, existence and stability of equilibria. Here, only two outcomes are possible: 291 symmetric coexistence and exclusion ( Fig. 3(a) ). As necessary and sufficient criterion for 292 exclusion, we obtain
Thus, exclusion is only possible if heterozygote advantage is not too strong, and if recombi-294 nation is breaking up gametes sufficiently often to significantly harm the males.
295
For the diploid model, we can show that no boundary equilibrium is ever stable; asym-296 metric and symmetric coexistence are the only two possible outcomes. Although it was not 297 possible to perform a stability analysis on the internal equilibria, we were able to propose a 298 condition for asymmetric coexistence, which has been evaluated numerically: 
Exclusion
Asymmetric Coexistence Symmetric Coexistence Figure 3 : Symmetric coexistence can be locally stable if the heterozygote advantage, σ, is strong enough to compensate for recombination breaking up the parental haplotypes. Here we assume that epistasis is symmetric and lethal (γ 1 = γ 2 = 1). Panel (a) is an illustration of the condition for haplodiploids given in equation (1) and panel (b) of equation (2) for diploids.
Although this expression is not very telling, its illustration in Figure 3 (b) demonstrates how 300 different this criterion is from that of the haplodiploid model. Because in the diploid model 301 males benefit from the heterozygote advantage too, asymmetric coexistence is very unlikely.
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Indeed, a heterozygote advantage of ω − 1 = σ >≈ 0.14 is sufficient to ensure symmetric co-303 existence for all recombination rates, whereas in the haplodiploid model, σ > √ 2 − 1 ≈ 0.41 304 is necessary for symmetric coexistence independent of the recombination rate.
305
General stability conditions in the haplodiploid model 306 Using the results derived for the case of lethal epistasis, and by means of critical exam-307 ination of the existence and stability conditions that we were able to compute analytically, 308 we arrived at several illustrative conjectures delimiting the evolutionary outcomes in the 309 haplodiploid model when epistasis is not lethal (γ 1 , γ 2 = 1). These were all confirmed by ex-310 tensive numerical simulations (see Mathematica Online Supplement). Note that assortative 311 mating was not considered here.
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Firstly, strong heterozygote advantage can always override the effect of epistasis. Specif-
the evolutionary outcome is always symmetric coexistence, regardless of the values of γ 1 315 and γ 2 . This is true not only for a single pair of interacting loci, but also for an arbitrary 316 number of independent incompatibility pairs, because the conflict at each incompatibility 317 pair is eventually resolved independently (see also the section on multiple loci below). Figure 4 : In haplodiploids, symmetric coexistence requires that heterozygote advantage, σ, is strong enough to both compensate for recombination such that the condition in equation 4 is fulfilled (see also Fig. 3(a) ), and to overcome the deleterious effects of epistasis, as expressed by condition 5 for symmetric epistasis.
Secondly, recombination is a key player to determine whether compromise or exclusion 319 can occur. In particular, Thirdly, for symmetric epistasis (γ 1 = γ 2 ), there are three possible equilibrium patterns: 325 symmetric coexistence, exclusion, and tristability of the two former types of equilibria. A 326 necessary and sufficient condition for observation of anything but symmetric coexistence is
If the recombination rate ρ and the epistatic effects γ 1 , γ 2 are very close to this limit, 328 there is tristability; if they are far away, there is exclusion (cf. Fig. 4 ).
329
Finally, for asymmetric epistasis (γ 1 = γ 2 ), the dynamics display the whole range of 
Thus, if epistasis is strong as compared with heterozygote advantage, no degree of asym-336 metry is sufficient to promote a compromise between males and females (i.e., single-locus polymorphism or asymmetric coexistence). In fact, we observe the following necessary (but ω < √ 2 and ρ > ω 2 − 1 ω 2 and γ 1 > 2(ω − 1) ω and γ 2 < 2(ω − 1) ω .
( 7) Hence, only a tight balance between the selective pressures of epistasis and heterozygote 340 advantage in combination with asymmetry of the hybrid incompatibility promotes a long-341 term equilibrium with compromise.
342

An extension to multiple loci 343
Incompatibilities involving four loci 344 Above, we have demonstrated that recombination is an essential player when determining 345 whether exclusion or coexistence is the long-term outcome in the haplodiploid dynamics. In 
where ρ ij is the recombination rate between neighboring loci i and j. Note that this is 362 independent of the recombination rate between non-interacting loci, here ρ 23 . If ρ 12 = ρ 34 , 363 this expression is equivalent to equation 1 (Fig. 3(a) ). Overall, this condition indicates that 364 exclusion (defined as the fixation of one of the parental haplotypes) is less likely with four 365 interacting loci than with two.
366
For the network case, the condition for stability of exclusion (see also Fig. S3 ) is
In this scenario, exclusion is a more likely outcome with two incompatibilities than with one.
368
Incompatibilities involving an arbitrary number of loci 369 From the results for two and four loci, we derived a conjecture that generalizes to an 370 arbitrary number of loci. For the pairwise case, equation 8 can be generalized to 
with i and j neighboring loci and n the total number of loci in the network. Unlike in the 376 pairwise case, the results for the network case do not depend on the genetic architecture 377 (here, the ordering of loci along the genome).
378
We can therefore deduce that, for the pairwise case, exclusion becomes increasingly un- The y-axis shows the ratio of the two epistasis parameters ( γ 2 γ 1 ) for a constant value of γ 1 = 0.01, thus it represents the degree of asymmetry of epistasis. For symmetric coexistence, the locally stable equilibrium can be at any point on the diagonal p B − = 1 − p A − , where p A − and p B − denote the allele frequencies of the − allele at the respective locus. Blue shading illustrates the location of the equilibrium at symmetric coexistence: darker shades correspond to a bigger disparity in allele frequencies. This is the case when the asymmetry of the two epistasis parameters is large (i.e. smaller values on the y-axis) because smaller values of γ 2 favor the A − B + haplotype over the A + B − haplotype. (Here, γ 1 = 0.01, ρ = 0.5, α = 0.) In the diploid model, a single-locus polymorphism is never stable: Assume locus A is 413 polymorphic and locus B is fixed for allele B + . Then, a new mutant carrying allele B − will 414 always have a selective advantage regardless of the genotype in which it first appears (Table   415   S3 ). In contrast, in the haplodiploid model, this is no longer true as the mutant carrying 416 allele B − will have a much lower fitness in males when associated to allele A + . Therefore, if 417 the cost of generating this unfit haplotype in males overrides the advantage in females, and 418 allele A + is at high frequency, then invasion of the B + mutant may be prevented, leading to 419 the stability of the single-locus polymorphism.
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When polymorphism is maintained at both loci at equilibrium (i.e., asymmetric and 421 symmetric coexistence), epistasis creates associations between the compatible alleles which 422 results in elevated linkage disequilibrium (LD). Recombination breaks the association between 423 alleles, thus high recombination decreases normalized LD (D , where D = LD Dmax ; Fig. S5 ).
424
D increases with the strength of heterozygote advantage at low recombination rates, because 425 it maximizes the discrepancy between highly fit double-heterozygote females that can, under 426 low recombination rate still produce many fit male offspring, and introgressed females, who 427 are less fit and produce many unfit hybrid males.
428
In Figure S6, Figure 6 : Comparison of model predictions (boxplots) to the data used for fitting the model (+) shows that the model is able to capture the high frequency of F. aquilona-like alleles (green shades) in the population. Boxplots show the genotype frequencies for females and males before selection that are predicted from the distribution of the best fitting models. In this case parental genotype frequencies (shown on plot as +) are estimated using individuals with one or more loci homozygous for the parental allele.
isolated from both its parental species (Buerkle et al., 2000; Butlin and Ritchie, 2013 ; Schumer multiple pairs of interacting loci may result from exactly this mechanism, but it is beyond and advantageous effects. We here showed how diverse outcomes are produced even under 641 a rather simple model of a single hybrid population, in which heterozygote advantage and 642 hybrid incompatibility are occurring at the same time. Consistent with previous theory on 643 haplodiploids and X/Z chromosomes, we found that incompatible alleles are more likely to 644 be purged in a haplodiploid than in a diploid model. Nevertheless, our results suggest that 645 long-term hybridization can occur even in the presence of hybrid incompatibility, and if there 646 are many incompatibility pairs or many loci involved in the incompatibility. The evolutionary 647 fate of the Finnish hybrid population that our model was inspired by is difficult to predict; 648 further population-genetic analysis will be necessary to gain a more complete picture of its 649 structure and evolutionary history. 
